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Introduction
The water in recirculating aquaculture systems (RASs) is characterised by the accumulation of certain organic and inorganic compounds (Bullock et al., 1997; Davidson et al., 2011) . These compounds are generated by the feed delivered (amount and composition) and the subsequent dissolved and particulate excreta of fish (Dalsgaard and Pedersen, 2011) . Depending on treatment units, feed intensity and feed loading, slow/non-degradable dissolved organic compounds (DOC) (i.e. humic substances, lignins), nitrate and micro-particles are typically present at elevated levels (Davidson et al., 2009) . With a high retention time and a continuous supply of bioavailable dissolved organic matter (DOM), the growth and abundance of bacteria can reach levels that inhibit fish and system performance (Bullock et al., 1997) . Attempts to address such suboptimal conditions are typically carried out by the implementation of additional mechanical and biological treatments or by chemical treatment.
The successful management of a RAS relies, among others, on the control of DOM (Hambly et al., 2015) . Fluorescence spectroscopy has been used widely for off-and online monitoring in water treatment applications, in order to optimise processes (e.g. aeration) (Reynolds and Ahmad, 1997) and to identify deteriorating agents (Hudson et al., 2007) . It is an inexpensive and simple tool which is able to determine rapidly and accurately (Hudson et al., 2007; Henderson et al., 2009 ) the presence of DOM in wastewater effluent (Carstea et al., 2016) , drinking water (Cumberland et al., 2012) , fresh water (Baker, 2001; ) , seawater (Coble, 1996; Chen, 1999; Conmy et al., 2004; Baker & Spencer, 2004) and RAS water (Hambly et al., 2015) . Several other parameters of importance for the efficiency of RAS, such as total organic carbon (TOC) (Carstea et al., 2016) , biological oxygen demand (BOD) (Hudson et al., 2008) , phosphate, nitrogen-based compounds (Baker and Inverarity, 2004) and microbial abundances (Cumberland et al., 2012) , can be also identified by fluorescence. Therefore, it is promoted as a promising real-time monitoring technique to determine DOM, thus optimising RAS management (Hambly et al., 2015) .
The optical attributes of DOM are the result of a complex amalgam of chromophores (molecules that absorb light energy) and fluorophores (molecules that re-emit the absorbed light); expressed by a unique excitation/emission wavelength pair (λ excitation, emission ) for each component, referred to as a component's "fluorescence fingerprint" (Larsen et al., 2010) . In RASs, three spectrum regions have been analysed, namely (1) λ <250,400-500nm (2) λ 340,430nm and (3) λ 280,340 nm (Hambly et al., 2015) . Although, the transition pairs in this study originally come from a wastewater review study (Hudson et al., 2007) , their range has been limited to more specific wavelength pairs (Table 1 ). The wavelength peaks are A (λ 225,400-500nm )and C (λ 300-350,400-500 nm ); commonly ascribed to humic materials (Aiken, 2014) , T 1 (λ 280,350nm ) and T 2 (λ 225,350nm ); globally correlated with BOD, and B (λ 225,305nm ) (Hudson et al., 2007) . The latest are related to microbial activity (Cumberland et al., 2012) and therefore to organic matter bioavailability. Fluorophore name (Coble, 1996) Excitation, Emission wavelength (nm) Peak B1  231, 315  Peak T1  231, 360  Peak A  249, 450  Peak B2  275, 310  Peak T2  275, 340  Peak C  335, 450 Ozonation is a well-established technology in multiple water treatment applications and has indisputable benefits for water quality (Powell and Scolding, 2016) . Furthermore, it is a strong oxidising agent and reacts rapidly with non-biodegradable DOM, converting it into easier biodegradable molecules. When ozone is added to water, protein degradation is enhanced, while water clarity, UV transparency (Bullock et al., 1997; Davidson et al., 2011) and the processes of coagulation, filtration (Summerfelt & Hochheimer, 1997; Antoniou & Andersen, 2012) and nitrification are improved (Gonçalves and Gagnon, 2011) . Moreover, it is bactericidal, parasiticidal and virucidal (Bullock et al., 1997; Summerfelt et al., 2004; Powell et al., 2015) , contributes to odourant reduction (geosmin and 2-methylisoborneol (MIB)), improves the taste of cultivated aquaculture species (Gonçalves and Gagnon, 2011) and eventually enriches water with oxygen.
If ozone addition is not correctly applied nor analytically verified, under-dosing or overdosing may occur. Ozone (due to overdosing) might reach culture tanks, and adversely affect cultured species (Bullock et al., 1997) , as it is considered toxic to a wide range of marine and freshwater organisms at concentrations above 0.01 mg/L to 0.1 mg/L (Gonçalves & Gagnon, 2011) by harming the gills and the tissues of fish and eventually leading to death. Ozonation is suspected to form several byproducts, including hypobromous acid in the case of marine water (Grguric et al., 1994; Wert et al., 2008) , aldehydes and carboxylic acids, which are carcinogens (Matsuda et al., 1992) . The risk of losing fish and the subsequent high costs limit the aquaculture industry's interest in using ozone (Bullock et al., 1997) . Thus, to prevent any undesirable side effects, it is necessary to monitor ozone demand.
Residual ozone determination in water is usually achieved by employing an expensive test kit or complicated chemical methods which require skilled operators working in laboratory conditions (Bader and Hoigné, 1981) . It can also be determined indirectly by measuring the formation of ozonated by-products (OBP) in marine water, a complicated method due to water's chemistry (Tango and Gagnon, 2003) . Potentiometric principle probes are expensive, while the more traditional oxidation/reduction potential (ORP) sensors are not specific (they do not distinguish, for example, ozone from chlorine), in presence of high ozone concentrations tend to fail and, last but not least, do not actually measure ozone (Bullock et al., 1997) . Despite these flaws, a number of methods can be used to determine dissolved ozone in water; what is actually lacking is a technique that can determine the amount of ozone delivered into water.
The most obvious effect of ozone in organic-loaded water samples is decolourisation. Fluoropores are more reactive than DOC, and so they are oxidised faster through the addition of ozone (Liu et al., 2015) , thus affecting fluorescence intensity (Korshin et al., 1999) and consequently making spectra-based methods the most suitable for online monitoring, due to their high sensitivity and ease of use (Hudson et al., 2007; Li et al., 2016) . Electrophilic oxidants, such as ozone and chlorine in general break down chromophoric groups within the structure and decrease fluorescence, while advanced oxidation breaks down the DOM into smaller chromophoric fractions, thereby enhancing fluorescence (Henderson et al., 2009) .
The limitation factors which prevent UV-VIS spectroscopy to determine delivered ozone in RASs are the chemical reagents involvement (indigo method) and the personnel presence to conduct the measurement. Fluorescence on the contrary is a straight forward measurement, and previous studies (e.g. Li et al., 2016; Jin et al., 2016) have documented high correlation between the two methods. The numerous fluorescent properties of aquatic DOM, its high reactivity with ozone and the risk of ozone's presence in culture tanks raise questions related to the ability of fluorescence to measure indirectly the delivery of ozone into water. This study attempts to evaluate the potential of fluorescence spectroscopy as an ozone dosage determination tool in water, by studying the relationship between fluorescence intensities and DOM degradation by ozone, in order to prevent accidental overdose due to a malfunctioning ozone generator.
Material and Methods

Reagents
All chemicals used in this study were purchased from Sigma Aldrich Denmark ApS and were used as received.
Origin of water samples
Water samples were collected from two commercial RAS fish farms, a pilot RAS and two aquariaa public aquarium (The Blue Planet, which is the national public aquarium in Denmark) and an aquarium in an amusement park (Tivoli) -and used for experiments without any further treatment the following day. All the facilities are located in Denmark, and they varied greatly in terms of installation, water treatment technology, cultivated species and purpose. The first fish farm was a model trout farm (raceway), receiving surface water from an adjacent stream and equipped with airlifts, mechanical contact filters and biological moving-bed biofilters. Samples were taken from two different locations in this specific RAS -at the outlet from the fingerling production unit and from the grow-out unit. The second RAS cultivated eels at relatively low densities and was equipped with additional water treatment technologies, including oxygen cones, drum filters, a trickling filter for aeration/degassing and nitrification and in-line ozonation. Water was sourced from a local water supply (a well). The pilot-scale RAS was 8.5 m 3 and stocked with approximately 150 kg trout with stable feed loading (1kg feed/day per 1m 3 make-up water). The samples from the two aquaria were saline (either directly from the sea or artificial) and were collected from the backwash of filters in the ocean tank (The Blue Planet) and the shark show tank (Tivoli), while inline ozonation and advanced water treatment technologies were installed in both units.
Quantification 2.3.1. Determination of ozone concentration
Ozone concentration was determined using the indigo method (Bader and Hoigné, 1981) . The absorbance of the unreacted indigotrisulphonate was measured at 600 nm with a spectrophotometer (Hach Lange). Ozone concentration was determined by comparing the absorbance of a blank with the sample, and using DA = -20000 1/(cm mol ozone added per L).
Organic carbon determination
A Shimadzu ASI-V UVC/Persulphate analyser was used to quantify non-volatile organic carbon in the raw samples. The injected sample volume was 3.00 mL and a calibration curve with potassium hydrogen phthalatestandards from 50 to 2000 μg/L was determined (R 2 =0.9994). The quantification limit of the method was 50 μg/L.
Fluorescence
Fluorescence intensity identifies the presence and the amount of specific molecules in a medium and in this case was determined by a fluorimeter (Cary Eclipse, Varian) and expressed in arbitrary units (Au.). To increase the accuracy and responsiveness of the potential online sensor, six transition pairs were selected and used; the excitation wavelength was ranging from 213 nm to 335 nm while the emission wavelength was from 310 nm to 450 nm. Samples were transferred in a quartz cuvette and subjected to further analysis, while there was no need for dilution. According to Hudson et al. (2007) , the range of DOM that fluorescence can be applied without any dilution, lays from 1-100ppm, highlighting that when DOM is lower than 20ppm the effect is negligible (Vodacek and Philpot, 1987 ) -20ppm is the most heavily organic loaded sample in our case.
Although the ease of data collection and the potential applications; fluorescence is a complicated method. According to Aiken (2014) , fluorescence signal is affected by chemical (inner filter effects, pH, temperature, redox status) and nonchemical (instrumental inefficiencies and variability) factors. In case of turbidity, samples were left to settle in (simulating the natural suspended solid removal in full-scale systems), prior to the fluorescence scan, while pH and temperature were the same for all the samples. The technique is non-destructive and requires no sample preparation.
Ozonation
The experimental set-up for ozonation was based on a 20 g/h ozone generator from O 3 -Technology AB (Vellinge, Sweden), supplied with dry oxygen gas. In order to create the ozone stock solution, the generated ozone was dispersed through a diffuser in a pressurised collection bottle containing ultra-pure water, which was submersed in an ice bath to increase ozone solubility further. To achieve higher ozone solubility, a manometer and a valve were placed after the collection bottle, where a pressure of 1.2 barG was established. Ozone concentration in the stock solution ranged between 70 and 110 mg/L. Water samples (50 mL) were spiked with a volume of ozone stock solution (i.e. 2 mL), as described in Hansen et al. (2016) . Ozone dosage was determined by adding the same amount of ozone as in the sample, in acidified MilliQ water bottles of 50 mL total volume, containing a 5 mL phosphate buffer and a sufficient amount of potassium indigotrisulphonate (Antoniou et al., 2013) . Several ozone dosages were added, ranging from 0 to 20 mg O 3 /L.
Experiments
Six water matrices were subjected to ozonation, to provide a representative and comprehensive investigation of the correlation between fluorescence indices and the degradation of DOM. Experiments were conducted in bench-scale laboratory conditions, in order to ensure a controlled environment. The main principle was to deliver different ozone dosages to water samples, as described in Section 2.4, and measure fluorescence degradation. After ozonation, the samples were stored at 15 o C for an hour -enough time to ensure ozone absence, since its lifetime found experimentally to be limited to just a few minutes. In each experimental batch, one sample was not spiked with ozone, in order to provide a reference value (blank), but it was subjected to the same experimental conditions as the rest of the samples, e.g. retention time and temperature. Afterwards, absorbance was measured at 600 nm (Bader and Hoigné, 1981 ) and compared to the blank. Ozonation experiments and TOC analysis were based on a single sample (no replicates). The purpose of the experiment was to investigate fluorescence sensitivity in relation to ozone in correlation with oxidised DOM in different aquatic environments, and therefore it is believed that is more important to have several data points describing the regression line than having several replicates. Obtained data were analysed using MS Excel and Prism Graph Pad 5.0.
Results and discussion
Water characterisation
The water samples varied greatly in terms of physicochemical characteristics (Table 2) . Dissolved organic carbon was observed to differ between the facilities, due to different system configurations, stocking density, feed loading and quantity composition. In the two aquaria, DOC was extremely low (low fish density and an advanced filtration system, including ozonation employed to achieve high water transparency). In the commercial trout RASs and the pilot RAS, DOC was increased, at approximately 9.5 mg/L (an average of the two sampling locations) and 14. mg/L, respectively, but this was lower than in the commercial eel RAS, which stood at 20.3 mg/ L. The water treatment systems in commercial RASs cultivating eel and trout operate at higher pollution concentrations, as larger volumes have to be treated cost-effectively. Conversely, aquaria implement state-of-the-art water treatment technology since the high water clarity is of great importance and therefore, the capital and operational costs are increased. Additionally, the commercial trout RAS was also influenced by environmental factors potentially varying/enhancing DOM concentrations in relation to the composition of the water quality of the creek. The pH values were neutral, ranging from 6.9 to 8.0.
Initial fluorescence characterisation
Water samples derived from the two commercial and pilot RASs consisted mainly of A and C peaks (Table 1) (Figures 1a-d focusing on 0 mg O 3 /L dosage), which are correlated highly with TOC (Carstea et al., 2010) . On the contrary, the peaks T and B, were less pronounced yet present (Figures 1a-d focusing on 0 mg O 3 /L dosage). Fluorescent DOM in aquariums was detected in significantly lower intensities and therefore it is difficult to conclude which peak dominated (Figures 1e and 1f , focusing on 0 mg O 3 /L dosage). Based on this study's findings, it is clear that fluorescent OM exists in RASs, while the fluorescent components are distinct. It can also be concluded that water samples from commercial RASs and the pilot RAS facility are the most OMloaded, and the two aquariums the least so in this regard.
Fluorescence peaks similar to our findings were published in wastewater and municipal wastewater studies (Carstea et al., 2016) with the A and C peaks being better studied than the peaks T and B (which are associated commonly with tryptophan and tyrosine, respectively) (Hudson et al., 2007) . Several wastewater studies also suggest that microbial-derived T and B types of fluorescence are enhanced (Baker & Inverarity, 2004; Carstea et al., 2010) . Therefore, our initial hypothesis regarding the existence of fluorescent OM in RAS water is supported by both the obtained data and by a currently published study (Hambly et al., 2015) . Peaks A and C were reduced to half in both commercial RASs (Figures 1a,1b,1d ) when approximately 5 mg O 3 / L was dosed, while for the pilot RAS and aquariums fluorescence was halved by much lower dosages (<1 mg O 3 / L) (Figures 1c,1e,1f) . When adding the same ozone dosage (5 mg O 3 / L) in all the studied cases, the already low-intensity of peaks B and T was almost non-existent (Figure 1) . The fact that A and C peaks are easier to detect than B and T peaks, makes them the most promising candidates for a future industrial application (Li et al., 2016) . Based on our findings, it can be concluded further that, for RASs, relatively low ozone dosages are sufficient to increase water clarity by removing DOM. It has been reported that A and C peaks, when subjected to ozonation, are unaffected, while for the B and T peaks a decrease in intensity is typical (Henderson et al., 2009 ). High ozone dosages up to 20 mg O 3 /L were then applied, in order to investigate the behaviour of fluorescence in high ozone concentration exposure and to see if it would finally be completely removed. The addition of 15 mg O 3 / L or more significantly reduced fluorescence intensity but was not able to oxidise it entirely. More specifically, fluorescence in the commercial and pilot RASs reached a reduction rate ranging from 90% to 97.7% (Figures 1a-d) , while fluorescence reduction in the aquariums was in the order of 60% and 82.3%, respectively (Figures 1e,1f) . Thus, a low fluorescence activity remained in water, which did not react with ozone. Possible being fully oxidised inorganic solutes in water.
3.4 Fluorescence-based response curve 3.4.1 Linearity and range If fluorescence is used to control ozone dosage, a calibration curve has to be established to take into account the nature of responsiveness to ozone. The calibration of an instrument is a factor that should be considered, to ensure results' repeatability and reliability. The curve and the range are crucial components used to define the calibration properties.
An attempt to create a calibration curve was made by utilising the data presented in Section 3.3. The elimination of the wavelengths describing the fluorescence degradation upon ozonation is vital for the manufacturing of a real-time measurement sensor. Among the six studied wavelengths only two were selected to be further investigated -these with the best fitting.
Based on our data, it seems unlikely that a single straight line would fit; therefore, two straight lines were fitted utilizing the Function 2. Y=IF(x<xo, Y1+slope1*X, Y2 + slope2*X) (Function 2) Figures 2a-f depict the fit lines for the peak C (λ 335,450 ), while Figures 2g-l apply to peak B2 (λ 275,310 ). In all cases, the two lines, describing each curve, corresponded nicely to the obtained data. The break that defined the two straight lines was chosen based on the best fit. The accuracy of the fit derived from the multiple data point fitting being supported by the high R 2 values. The nonlinear behaviour of fluorophores in natural samples has been adequately addressed by common approaches in order to explain the environmental and ecological significance of DOM fluorescence (Aiken, 2014) . 
Likeness of response among the different types of water
When continuous treatment with ozone is applied in a closed system (e.g. a RAS) water quality will improve to an apparent steady state with the production of organic matter that can be oxidised. This might however vary in the short term e.g. as feed is applied, fish stocking or temperature changes. Thus, it was hypothesised that a low-range calibration curve from 0 to 5 mg O 3 / L might be able to describe fluorescence removal by ozone in RASs (Figure 3 ). Focusing on each one of the cases individually, we note a nice linear regression with high R 2 for both C (Figures 3a-f) and B peaks (Figures 3g-l) , thereby indicating high accuracy. However, since there is a second line (Figure 2 ), these calibration curves have limited capacity in detecting extremely low fluorescent indices when higher ozone dosages were injected (5 to 20 mg O 3 /L). The slopes suggest that the peak C in the commercial RASs (Figures 3a-d) is more vulnerable and sensitive to ozonation than the peak B2 (Figures 3g-j) . However, the great variation which is observed when comparing the slopes of the curves for both fluorescent components, among the different water samples, makes it unlikely that a universal calibration curve will be created for a sensor, which will directly convert fluorescence intensity into the applied ozone dosage (mg O 3 /L), since there is no fixed ratio between ozone dosage and fluorescence destruction. Similarly, Li et al. (2016) found it difficult to compare intensities across wastewater studies, due to arbitrary fluorescence units, in which case, in order to compare results directly among sensors, correction factors have to be applied (Henderson et al., 2009) . This challenge surrounding system-specific calibration requires further investigation. Ozone dose (ppm) Figure 3 : C peak (3a-f) and B2 peak (3g-i) calibration curves. The dotted line in graphs 3c,f,k,l represent the trend, since there was lack of sufficient data to better define the curve.
3.5Application of fluorescence for ozonation systems Simple and easily measurable parameters, providing information regarding the concentration and reactivity of DOM, will lead to better designed systems and encourage better management practices. Deviations from baseline figures can be identified, as can corresponding actions, and dosing the appropriate ozone concentration will also be facilitated (Li et al., 2016) . Currently, there are fluorescence sensors in the market operating in these wavelengths. The intention of the present study was to investigate if a universal sensor utilising fluorescence removal can control ozone dissolved in water. If the slopes were the same among the different water samples, then the removal of fluorescence intensity would be directly convertible to ozone dosage. Alternatively, several potential industrial applications are suggested and seem to be promising. The blue dots represent the sampling location in the case of offline ozone control (Figure 4a ), while the red dots indicate an online sensor installation in the system (Figures 4b and 4c) .
Determination of delivered ozone dosage
A persistent problem in the use of ozone systems is the determination of the actual dosage of ozone. The standard method involves applying dual ozone sensors on the gas flow from the ozone generator and off gas flow from the ozone-water contact chamber. However, such sensors might cost more than ozone systems, depending on the size of the ozone system used in aquaculture. A potential way to quantify ozone system performance, without any sensor installation, would be to collect grab water samples before and after ozone injection, transfer them to the laboratory (sampling location as shown in Figure 4a ) and then create a calibration curve for the specific facility (similarly to the current study (Figures 2 and 3) ). Based on the calibration curve, the actual ozone dosage in the water can be read as fluorescence for the specific system and then be directly converted to ozone concentration. This approach allows for checking periodically the ozone generator and comparing the obtained data with the manufacturer's specifications, thus ensuring the optimal operation of the equipment, which consequently has a monetary value.
Online control in recirculation systems
Dissolved organic matter is a key parameter for properly designing an ozonation system, since it dictates ozone demand. An online control system, based on a single or few fluorescence sensors, depending on system's complexity, will ensure that the ozone concentration delivered in water will be within predetermined safety level. A fluorescence intensity within the calibration curve will be chosen as a control point (in the present case the limit is fluorescence intensity of 25 Au. as illustrated in Figure 4b ), and would be accepted to fluctuate within a predetermined limit. When fluorescence intensity exceeds the range, ozone will be dosed accordingly in order to maintain the fluorescents within the limits. With this approach, the ozone demand is well defined and therefore excess of injected ozone into water is prevented. Although the water will have high clarity, the disinfection will be limited but enough to support healthy cultivated species. An additional benefit of the suggested sensor is the low operational cost since only the required ozone dosage will be injected.
Online control in flow through systems
Ozone dosage control, based on fluorescence spectroscopy, is a technique used not only in RASs, but also in other water treatment facilities, e.g. drinking water, wastewater treatment plans, etc. which are so-called "flow-through" systems ( Figure 4c ). Depending on a facility's needs, an online sensor will be installed in the inlet of the facility evaluating influent water quality in terms of fluorescence intensity. Based on the fluorescence of this influent water, an ozone generator will be adjusted accordingly, in order to oxidise pesticides and miscellaneous micro-pollutants and deactivate pathogens that the water stream might carry and which may possibly be harmful to the facility (pertinent to drinking water and RAS applications). A second sensor would work in conjunction with the ozone generator, ensuring that there is no residual ozone left behind. Alternatively, the same set up can be installed in the outlet of the facility, before the water is discharged to the environment, similarly to Figure 4c , in order to ensure that chemical compounds used within the facility (e.g. antibiotics or other chemicals) are oxidised and consequently absent from the water stream. The purpose of this approach is to constantly maintain fluorescence differences, independent on inlet water quality (dilution, due to rain, will cause a relocation of the curve (blue line in Figure 4c ) but the intensity difference will remain the same). If fluorescence intensity is lower than the predetermined fluorescence level in the effluent, then less ozone should be fed into the system. 
Conclusions
Fluorescence spectroscopy has great potential to be used as a monitoring tool to determine DOM in RASs, due to the high sensitivity to and selectivity of associated fluorophores. Consequently, low ranges (0-5 mg O3 / L) can optimise ozone demand and ozone residual. The present work suggests a technique, which can be developed further in order to manufacture an accurate, low-cost and realtime measurement sensor to define ozone delivered into water. Three potential applications are suggested:
 Offline measurement, to verify ozone delivery and thus to evaluate and consequently optimise ozone system performance with a quantitative tool.  An online sensor, used directly in an RAS, to control ozone dosage and maintain it within predetermined ranges.  An online control sensor in flow-through systems, to control ozone dosage and maintain it within predetermined ranges.
